Abstract Habitat quality and the impact of natural enemies might profoundly affect metapopulation dynamics and viability. However, their relative impact has usually been considered independently. Here we address the question of how caterpillar habitat quality and parasitism prevalence interact to shape habitat selection in the bog fritillary butterfly Boloria eunomia, parasitized at the caterpillar stage by a specialist wasp, Cotesia eunomiae. We first classified habitat quality by relating caterpillar density to descriptors of different microhabitat types. Second, we investigated parasitism prevalence in those different microhabitats. Our results show that caterpillars and parasitoids mapped onto the same microhabitats, mainly zones with high abundance of the host plant. Accordingly, we suggest that both egg-laying females and parasitoids use the same cues for habitat selection. As a consequence, there should be a fitness cost for B. eunomia females to lay their eggs in places where parasitism prevalence is high. We indeed detected that B. eunomia females frequently laid eggs in habitat types that presented suboptimal microhabitat conditions for caterpillars. This suggests that the lower parasitism prevalence in these suboptimal habitat types counterbalances lower caterpillar survival, leading to an overall similar survival in optimal and suboptimal habitat types. Spreading eggs in different habitat types is thus expected to be a safe strategy to mitigate the adverse possible effects of environmental stochasticity and parasitism prevalence on offspring survival unequal among microhabitat types. From a conservation viewpoint, the preservation of habitat heterogeneity, including optimal but also suboptimal habitat areas, is crucial to ensure persistence of both the host and its parasitoid.
Introduction
Facing a considerable loss of natural habitats, animal and plant species, conservation biologists have used several ecological theories and concepts to elaborate conservation guidelines (Fahrig 2003) . Among these, the metapopulation theory (e.g. Hanski 1999 and references therein) has already a long history in conservation ecology. However, evidence accumulates that patch size and connectivity (i.e. the two key parameters of the metapopulation paradigm) are not sufficient to describe the functioning of most metapopulations. Local aspects of population dynamics should also be included, especially habitat quality (Thomas et al. 2001; Dennis et al. 2006; Turlure et al. 2009 ), trophic interactions (Vidal and Tscharntke 2001; Tylianakis et al. 2007) , and phenology, which are often altered in these changing environments (Lei and Hanski 1997; Shaw et al. 2009 ). In particular, predation and parasitism are important trophic interactions, affecting individual habitat selection, metapopulation dynamics, community structure and ecosystem functioning (van der Putten et al. 2004; Haddad et al. 2009 ).
Several factors influencing butterfly metapopulation dynamics, and hence viability, have already been studied (Hanski et al. 1995; Wahlberg et al. 2002; Schtickzelle and Baguette 2004) , such as environmental stochasticity (Sutcliffe et al. 1996) , variation of weather conditions (Roy and Thomas 2003) , or site management (Schtickzelle et al. 2007b) . Nevertheless, few studies examined the role of caterpillar parasitism in these dynamics (but see Van Nouhuys and Hanski 2002) , its consequence(s) on the pattern of habitat use, and its impact on population viability. However, parasitism impacts metapopulation dynamics both through temporal changes in local population sizes and through changes in spatial pattern of habitat use. Indeed, according to the enemy-free space hypothesis (Jeffries and Lawton 1984) , parasitoids can drive their hosts to use suboptimal habitats that are free of enemies. In the case of butterflies, parasitoids play an important role as a major driver of temporal population dynamics and population size (e.g. Dempster 1984) . In Euphydryas aurinia, cyclic trends of both parasitoid and butterfly population sizes have been observed since a long time (Ford and Ford 1930; Klapwijk et al. 2010) . Studies on the parasitoid complex of Melitaea cinxia brought much information about the dynamics of the host species and its primary parasitoids, but also of the higher trophic levels (i.e. hyperparasitoids) (Lei and Hanski 1997; Van Nouhuys and Hanski 2002) . Parasitoids also induce modifications of realized ecological niche, mainly through changes in host plant use (Lill et al. 2002) . Indeed, some species were observed to shift from their highest quality host plant to a plant with a lower quality value but (temporally) free of parasitoid attacks. Here we focus on spatial shift in habitat selection according to parasitism prevalence.
The bog fritillary, Boloria eunomia (ESPER, 1799, Lepidoptera, Nymphalidae, formerly Proclossiana eunomia), is a vulnerable butterfly, whose caterpillars feed only on the bistort Persicaria bistorta (STAMP, 1753, Polygonaceae), and are parasitized by the specialist parasitoid wasp Cotesia eunomiae (CAMERON, Hymenoptera, Braconidae). While many studies focussed on the butterfly (e.g. Schtickzelle et al. 2006) , the influence of parasitism on its habitat use and its metapopulation dynamics has not been investigated to date. In this paper, we address the following questions: how does microhabitat quality influence the tri-trophic interaction ''host plant-butterfly-parasitoid'', and what are the consequences for habitat conservation guidelines? In order to do so, we assessed the importance of habitat descriptors in explaining the spatial variation in (1) caterpillar density and survival, and (2) their associated risk of being parasitized.
First, we classified habitat quality by relating observed caterpillar density to descriptors of different microhabitat types, hereby assuming that caterpillar density is highest where microhabitat quality is optimal for caterpillar development. In this paper we define ''optimal'' as offering the best conditions among all available in our study site, i.e. with the meaning of a local maximum without prejudging they are the best the species could encounter in its distribution range. Higher caterpillar density could be the result of either a better survival of eggs/caterpillars, or a higher initial abundance of eggs due to oviposition choices made by females, or both. To discriminate between these options, we individually tracked females of B. eunomia and we quantified their egg-laying preferences according to habitat quality. Second, we investigated parasitism prevalence in those different microhabitats, and we related parasitism prevalence to the same set of habitat descriptors. Parasitism prevalence was found to be lower in suboptimal microhabitats, weakening the differences in overall caterpillar fitness between optimal and suboptimal habitats. Therefore, we finally discuss how those suboptimal habitats that provide relief from parasitism mortality are crucial for (meta)population persistence and hence should be taken into account in the design of efficient conservation strategies.
Methods

Study system
Boloria eunomia is a univoltine butterfly, flying from the end of May to the beginning of July in Belgium. It is strictly specialized on P. bistorta, used both as the host plant for caterpillars and the nectar plant for adults. Females deposit clutches of a few eggs on or near the host plant. Hatching occurs in June-July, and solitary larvae feed for about two months up to the diapause without building any nest. In the following spring, larvae resume feeding, and bask on old leaves of plants such as Deschampsia cespitosa, ferns or Molinia caerulea. They moult several times before the 15 days pupation period. In Belgium, the life cycle of B. eunomia is completed in one year. Recently, Turlure et al. (2009) defined high quality microhabitat for caterpillars as places with a high host plant abundance, grass tussocks and specific microclimatic conditions (temperature and humidity).
Cotesia eunomiae is a gregarious koinobiont endoparasitoid (i.e. the host development continues after being parasitized, and several wasps emerge from each host larvae) specialised on B. eunomia caterpillars (Shaw 2009 ). At the time of writing, it is the single primary parasitoid known of bog fritillary last instar caterpillars. Wasp larvae emerge from last instar caterpillars in June. Details of the life cycle of this species are still unknown.
This study was conducted on a 56 ha peat bog nature reserve, the Fange de Pisserotte, located in the Plateau des Tailles landscape (S-E Belgium, 50°13 0 N, 5°47 0 E). Within the nature reserve, P. bistorta was found within 38 patches in total covering 2.4 ha within an area of 21 ha (Fig. 1 ). Patches were sharply bounded/delineated within different vegetation types (i.e. wet meadows, fen grasslands and rushes; see Turlure 2009 for details), and separated by a matrix dominated by low bog vegetation and some bushes nearby. Between patch distances ranged from 13 to 870 m and relatively frequent movements of adults between patches were observed, but not frequent enough to consider the whole site as a single panmixing population (e.g. Heard et al. 2006; Schtickzelle et al. 2007a; Turlure et al. 2011a, b) . However, caterpillar mobility being restricted to a maximum of a few meters, between patch movements of caterpillars are thus highly unexpected. Caterpillars found in the field were geolocalized by GPS, and brought to the lab to be reared individually until pupation or parasitoid egression (Choutt and Schtickzelle, ''unpublished ms''). All parasitoid wasps and adult butterflies were then released in the field at the exact place where the caterpillar they originated from was collected.
Habitat descriptors
Descriptors of the habitat were recorded in 1 m 2 plots for both the 216 locations where caterpillars were found and collected (placed centrally over caterpillar position) and a series of 855 control plots, randomly chosen in places within the bistort patches where no caterpillar was found after repeated search (Fig. 1) . The number of control plots was higher than for caterpillar plots in order to cover the overall heterogeneity of the habitat. Four descriptors were measured for each 1 m 2 plot:
1) Abundance of the host plant P. bistorta (HOST), the single food source of both B. eunomia caterpillars and adults in the study area. Each plot was divided in 25 equal squares, and host plant abundance was estimated on the basis of its presence on each square, i.e. on a zero to 25 scale. (Ellenberg 1974) . This procedure took advantage of the integrative character of the plant presence over time, and hence was preferable than instantaneous, direct measures using data loggers. The three parameters being highly correlated (Pearson correlation tests: all n = 1,071, all P \ 0.0001, temperature-moisture R = 0.42, luminosity-moisture R = 0.49, temperature-luminosity R = 0.72), they were combined into two independent variables using Principal component analysis. CLIM1 (explaining 70% of the variance) was positively correlated with all microclimatic variables (Pearson correlation tests: all n = 1,071, all P \ 0.0001, temperature R = 0.87, moisture R = 0.74, luminosity R = 0.90) and CLIM2 (explaining 21% of the variance) was positively correlated with moisture and negatively with temperature and luminosity (Pearson correlation tests: all n = 1071, all P \ 0.0001, temperature R = -0.35, moisture R = 0.67, luminosity R = -0.22).
Figure 2b provides a summary of the spatial combination/arrangement of these descriptors of habitat quality. Host plant abundance differed according to the vegetation type. Thus, higher host plant densities were found in wet meadows, and slightly decreased in fen grasslands and in rushes. Besides, humidity, temperature and light were negatively correlated with VEGE1 and positively with VEGE2, highlighting a microclimatic gradient from warmer, more opened and moister fen grasslands and rushes, to colder, darker and drier wet meadows.
Relating caterpillar density and parasitism prevalence to habitat descriptors Caterpillar density and parasitism prevalence were related to habitat descriptors using linear models. Due to multicollinearity between the biological variables investigated, a multimodel inference approach, based on corrected Akaike's information criterion (AICc), was chosen. This statistical method consists of several steps (for details see Anderson 2008 and references therein). (1) Generalized linear models corresponding to all possible combinations of explanatory variables (including the null model) are fitted to the data. (2) The power of each model to explain existing variations in the response variable is assessed through the AICc value. (3) The relative importance of each explanatory variable is quantified through its AICc weight (computed as the sum of AICc weight of all models where this explanatory variable appears). Those having the largest AICc weight predominantly affect the response variable. (4) A multimodel averaged estimate of each beta parameter and its standard error is computed as the mean of estimates given by each individual model, each individual estimate being weighted by the AICc weight of the model.
A multinomial distribution with cumlogit link function was used for modelling the caterpillar density, as it took five modalities in the dataset (0 for control plots, 1, 2, 3 and 4 caterpillars/plot were observed in the field); the unit of observation was the plot. A binomial distribution with logit link function was used for modelling the caterpillar status (parasitized vs. not parasitized); the unit of observation was the caterpillar. In many host-parasitoid interactions, parasitoid larvae may lengthen the caterpillar stage, so that adult parasitoids emerge at the right time to encounter new hosts to oviposit (Vinson et al. 1998 ). In the case the caterpillar sampling occurred at a time when unparasitized caterpillars had already pupated, the observed parasitism rate could be overestimated, biasing the results. A sensitivity analysis was therefore performed on three subsets of the parasitism data. We removed increasing fractions of the data collected during latest dates, where potential overestimation of parasitism rate might happen. The same statistical analyses (previous section) were performed on the observed data set and three subsets obtained by: (1) removing dates where all collected caterpillars were parasitized; removing dates where (2) 20% or (3) 10% of the unparasitized caterpillars should have already pupated. In this procedure, we derived the temporal distribution of caterpillar pupation from the temporal distribution of emergence of adults, obtained from Capture-Mark-Recapture (CMR) data of this B. eunomia population (Choutt and Schtickzelle 2005 Schtickzelle , 2006 , ''unpublished CMR data''), using an average 15 days for pupation duration.
Mapping Boloria eunomia egg-laying behaviour Boloria eunomia females were individually tracked in the field from 9 June to 6 July 2004 to evaluate the female propensity to lay eggs in various vegetation types. Females were tracked during 20 min or until the female was lost, from a sufficient distance to prevent perturbing their behaviour. For each laying event, we recorded the number of eggs laid, their precise GPS location, and the vegetation type. We then computed an index of egg density for each vegetation type using the following formula, taking into account differential sampling effort and vegetation type availability:
with Eggs the total number of eggs laid, Effort_track the total duration of the tracks, Females the total number of females caught during CMR (Choutt and Schtickzelle, ''unpublished data''), Effort_CMR the number of CMR sessions, and Area the total area of the considered vegetation type.
Results
A total of 101 (in 87 plots) and 147 (in 129 plots) B. eunomia caterpillars were found on the field, collected and reared, in 2005 and 2006 respectively, from which 76 (75%) and 112 (76%) were parasitized. Figure 1 illustrates the spatial distribution of caterpillars found in the field. The same habitat descriptors (HOST, VEGE1 and VEGE2), furthermore acting in the same direction (Table 1) , had the highest effect on both caterpillar density and parasitism prevalence. Higher caterpillar density and parasitism prevalence were largely, but not perfectly, superposed (Fig. 3) , being found in microhabitat characterized by abundant host plant. The high importance of quadratic terms of the two variables describing plant species composition (VEGE1 2 and VEGE2
2 ) indicates the existence of an optimum for both caterpillar density and parasitism prevalence in one vegetation type, i.e. wet meadows. Additionally, more caterpillars were found where microclimatic conditions were cooler, darker and moister (i.e. under higher values of CLIM2). CLIM1 and TOPO had a slight effect on both caterpillar density and parasitism prevalence. Sensitivity analysis showed no indication of a bias due to potential lengthening of caterpillar stage by the parasitoid larvae. Results were indeed almost identical in terms of the relative impact of habitat descriptors on parasitism prevalence between analyses based on full and truncated data sets (Fig. 4) .
Females laid 226 eggs during the 1,337 min of tracking (in 42 batches, with 2-12 eggs/batch; no difference in batch size between the three types of vegetation, one-way ANOVA: F 2, 37 = 2.30, P = 0.116). Among the three types of vegetation (Fig. 2) , females laid eggs preferentially in wet meadows, to a lesser extent in fen grasslands and rarely in rushes (Fig. 5a ). The density of caterpillars followed the same pattern (Fig. 5b) . Caterpillar survival until the last instar stage (estimated as the ratio between caterpillar density and egg density) was slightly higher in rushes and wet meadows compared to fen grasslands (Fig. 5c) . But survival until pupal stage (estimated as the ratio between unparasitized caterpillar density and egg density) was very similar in fen grasslands and wet meadows (Fig. 5d) , likely because parasitism prevalence was more important in wet meadows compared to fen grasslands (Fig. 5b) ; it was quite lower in rushes. 
Discussion
The density of B. eunomia caterpillars and the prevalence of parasitism by C. eunomiae covaried and were explained by the same three habitat features, being both higher (1) in places with high host plant abundance, (2) in wet meadow type vegetation, and (3) under cooler and more humid conditions. Areas with higher caterpillar density and parasitism prevalence were however not perfectly superposed, the former being centred on wet meadows, the latter on host plant abundance. According to this difference, female butterflies would have a higher probability of avoiding the parasitism of their offspring by laying their eggs in marginal parts of wet meadows, where the host plant is less abundant. This result therefore suggests that parasitism could induce the use of suboptimal habitat by the host, where expected lower offspring fitness is compensated by the lower impact of parasitism. Consequently, suboptimal habitats are likely to be important for the butterfly's population dynamics and persistence, as a kind of temporary enemy-free space, where the mortality of caterpillars due to parasitoids is relieved.
Given the high specialization of both butterflies and caterpillars on P. bistorta, the influence of P. bistorta abundance in predicting spatial variation of caterpillar density was expected, as shown for other species (Konvicka et al. 2003; Betzholtz et al. 2007 ). Newly hatched caterpillars are not so mobile and have to quickly find enough host plant material to feed. Therefore, patches with high P. bistorta densities are likely to provide better Observed and predicted density of B. eunomia caterpillars (a) and parasitism prevalence (b) within the two dimensional representation of vegetation (VEGE). The high importance of quadratic terms of VEGE1 and VEGE2 in explaining variation in the two responses variable led to the existence of an optimum: on both VEGE1 and VEGE2 axis, there was a portion where caterpillar density and parasitism prevalence were maximum. Predictions were computed using the full linear model equation where model-averaged value of parameter estimates (Table 1) opportunities for females to both feed and lay their eggs, resulting in higher density of eggs and subsequently caterpillars. Vegetation type and microclimatic conditions also played an important role in explaining spatial variations of caterpillar density. They are intimately linked in the field in the way they define the suitable micro-environment for the species. Some vegetation features, such as vegetation height and structural complexity, are known to influence the incidence of caterpillars in some butterfly species (Anthes et al. 2003; Betzholtz et al. 2007 ), while microclimate is important for caterpillar development (Alonso 1997; Kuhrt et al. 2005) . Boloria eunomia is an ectothermic glacial relict species and accordingly depends upon precise thermal microenvironments to attain and/or maintain optimal body temperatures. It is therefore not surprising that at the microhabitat scale caterpillars are preferentially found in cooler and more humid conditions. Plant architecture, like grass tussocks, have been shown to offer a variety of temperature conditions (Gotthard 2008 ) that can be used by caterpillars through behavioural thermoregulation (Alonso 1997; Turlure et al. 2011a, b) . Nevertheless, we did not detect any effect of the abundance (or presence vs. absence) of tussocks on caterpillar density; this effect was probably already included in the effect of the synthetic descriptors of vegetation composition. Several, non-mutually exclusive, mechanisms may explain the higher parasitism prevalence in higher quality habitat. (1) Parasitoid wasps may be attracted during their search for host by olfactory or visual cues emitted by the caterpillars (Dicke et al. 2003; Steiner et al. 2007) , by P. bistorta or by a combination of both, like the chemical released (Table 1) to assess a possible bias due to lengthening of the last instar caterpillar stage by the parasitoids. The AICc weight of all habitat descriptors is compared for four datasets : the complete data set with all collected caterpillars (a), a dataset where caterpillars collected on dates where parasitism rate was 100% were deleted (b), and two partial datasets, where caterpillars collected on dates when 20% (c) or 10% (d) of should already have pupated were deleted by P. bistorta leaves when eaten by caterpillars (Penuelas et al. 2005; Gols et al. 2008) . Since both P. bistorta and B. eunomia were more abundant in higher quality habitat, attractive cues should be stronger there. (2) Besides the use of host density as a cue, parasitoid might increase their search efficiency when the host density is higher (Umbanhowar et al. 2003; Bezemer et al. 2010) . (3) Alternatively, parasitoid search efficiency might be lower in suboptimal fen grassland habitat types because of specific features of the vegetation, such as taller or structurally more complex vegetation (Andow and Prokrym 1990; Randlkofer et al. 2007; Obermaier et al. 2008) . (4) Higher habitat quality might also enhance caterpillar quality and survival, providing better prospects for parasitoid progeny (Van Alpen et al. 2003) , hence increasing their attractiveness for parasitoids if these latter are able to evaluate the quality of their hosts (Godfray 1994) . (5) Finally, since the dispersal ability of parasitoid is often assumed to be more restricted than their hosts (for examples relating to other Cotesia species see Lei and Hanski 1998; Kankare et al. 2005; Bergerot et al. 2010) , parasitoids might remain essentially confined into habitats where the density of their host is the highest. However, as this study was not , survival from egg to last instar caterpillar (caterpillars index/eggs index ratio) (c), and survival from egg to pupae (unparasitized caterpillars index/ eggs index ratio) (d). The data being affected by factors that cannot be controlled (such as weather and sampling conditions, area of habitat patches), they were aggregated into semiquantitative indices at the vegetation type level (FG fen grasslands; RU rushes; WM wet meadows) to randomize these factors. These indices are relative values that can be compared between vegetation types but their absolute values have limited meaning; hence no scale is provided and no statistics are produced on these data planned for discriminating the mechanisms accounting for the observed higher parasitism prevalence in higher quality habitats, further research is needed to answer this question.
Whatever the mechanism(s) responsible for higher caterpillar density and higher parasitism prevalence, results of this study highlight their spatial matching within the habitat of the butterfly, indicating that a cost is paid by B. eunomia caterpillars living in a high quality habitat in terms of higher risk to be parasitized by C. eunomiae wasps. Escaping parasitoids is a challenge for potential hosts. Because limited movement ability does not give caterpillars much leeway, this challenge reverts to the adult females, mainly through the fine-tuning of their egg laying behaviour to the parasitoid behaviour. In some species, females use a lower quality host plant species to avoid parasitoids (Ohsaki and Sato 1994) . Given the strict monophagy of B. eunomia caterpillars and adults in Western Europe, switching to another host plant seems currently to be no option. Females tended to preferentially lay their eggs in habitat types providing the locally optimal survival for caterpillars (i.e. wet meadows). But caterpillars living in these high quality habitat types were also more likely to be parasitized. Consequently, the higher caterpillar survival observed in wet meadows seemed nearly thwarted by an elevated mortality due to parasitism, leading to similar overall egg to pupae survival in fen grasslands and in wet meadows. Since similar survival rates for pupae have been observed in wet meadows and fen grasslands (Radchuck and Schtickzelle, ''unpublished data''), this is likely to translate into similar fitness for females laying their eggs in both habitat types. Hence, these results suggest that egg-laying in a habitat suboptimal for caterpillar survival appears a working solution for females to relax caterpillar mortality due to parasitism. Laying eggs in wet meadows and in fen grasslands could then be a strategy of risk spreading, as mentioned for other butterflies (e.g. Albanese et al. 2008) . CMR data provided some support for this hypothesis: 19% of females caught in fen grasslands and/or wet meadows at least on two different days were caught in both habitats. Further investigations on this system are necessary to determine to what extent parasitism by C. eunomiae affects B. eunomia metapopulation dynamics.
From a conservation viewpoint, the message of this study is that habitat heterogeneity is crucial to ensure persistence of both the host and its parasitoid. Variation in habitat quality and habitat selection may allow a given species to better cope with the natural or humaninduced variations in resources or environment. Habitats that seem suboptimal may in fact be very useful, or even essential, to population persistence, offering a space with superior chances to escape mortality due to parasitism. In a metapopulation context, such heterogeneity also participates in decoupling the dynamics of the local populations, because a common cause (e.g. climate change) may differently affect local populations differing in habitat quality (Liebhold et al. 2004 ). Higher trophic levels, such as predators and parasitoids, are often more vulnerable than their prey or host species to habitat loss and population fragmentation (Shaw 2006) . Therefore, heterogeneous habitat could also help in maintaining parasitism prevalence in a tolerable range that avoids the over killing of its host, and hence the subsequent extinction of the host population, itself followed by the extinction of the parasitoid. On a longer term, we expect that parasitoid search behaviour will also be under strong selection pressures, challenging the long-term advantage of the use of suboptimal habitats (Heard et al. 2006) ; these must then be seen more as a space dynamical through time more than as fixed within the area occupied by the population.
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